(4-Methoxyphenyl)(3,4,5-trimethoxyphenyl)methanone (PHT) is a known cytotoxic compound belonging to the phenstatin family. However, the exact mechanism of action of PHT-induced cell death remains to be determined. The aim of this study was to investigate the mechanisms underlying PHT-induced cytotoxicity. We found that PHT displayed potent cytotoxicity in different tumor cell lines, showing IC 50 values in the nanomolar range. Cell cycle arrest in G 2 /M phase along with the augmented metaphase cells was found. Cells treated with PHT also showed typical hallmarks of apoptosis such as cell shrinkage, chromatin condensation, phosphatidylserine exposure, increase of the caspase 3/7 and 8 activation, loss of mitochondrial membrane potential, and internucleosomal DNA fragmentation without affecting membrane integrity. Studies conducted with isolated tubulin and docking models confirmed that PHT binds to the colchicine site and interferes in the polymerization of microtubules. These results demonstrated that PHT inhibits tubulin polymerization, arrests cancer cells in G 2 /M phase of the cell cycle, and induces their apoptosis, exhibiting promising anticancer therapeutic potential.
Introduction
Tubulins are the proteins that make up microtubules. The microtubules are important for diverse cellular functions, including chromosome segregation during cell division, intracellular transport, and cell motility. Drugs that interact with tubulin interfere in microtubule dynamics, altering their functionality and producing fatal consequences on cells under division processes. Once those cancer cells show high mitotic rates, tubulins are targets for anticancer drugs (Dumontet and Jordan, 2010; Jordan and Kamath, 2007) . There are three well-characterized sites for ligands in tubulin: taxanes, vinca alkaloids, and colchicine sites. These agents either inhibit the polymerization of tubulin (vinca alkaloids and colchicine) or prevent the microtubule disassembly (taxanes) (Buey et al., 2005; Dumontet and Jordan, 2010; Jordan and Kamath, 2007; Lobert et al., 1999) .
There are several drugs reported that target the colchicine binding site and some of these are currently in clinical trials as anticancer agents, including combretastatin A-4 (CA-4). Phenstatin is a CA-4 analog which the double bond is replaced by a carbonyl group (Cushman et al., 1992; Liou et al., 2002 Liou et al., , 2004 Pettit et al., 1998) . Phenstatin and related compounds display high potencies in both inhibition of tubulin polymerization and cytotoxicity against tumor cell lines (Alvarez et al., 2008 (Alvarez et al., , 2009 (Alvarez et al., , 2010 Pettit et al., 1998) .
(4-Methoxyphenyl)(3,4,5-trimethoxyphenyl)methanone (PHT, Fig. 1 ) is a known cytotoxic compound belonging to the phenstatin family. This compound has been studied because of its potent cytotoxicity and antitubulin properties (Alvarez et al., 2009; Barbosa et al., 2009; Liou et al., 2002) . Magalhães et al. (2011a) showed that PHT also displays in vivo antitumor effects, without substantial side effects. Additionally, PHT also was able to induce DNA damage and clastogenic effects in human lymphocytes (Magalhães et al., 2011b) . However, the exact mechanism of action of PHT-induced cell death remains to be determined. In this study, we investigated the mechanisms underlying PHT-induced cytotoxicity. Toxicology and Applied Pharmacology 272 (2013) [117] [118] [119] [120] [121] [122] [123] [124] [125] [126] Abbreviations: BrdU, 5-bromo-20-deoxyuridine; CA-4, combretastatin A-4; CA-4P, combretastatin-A4-phosphate; DI, damage index; MTT, 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide; PHT, (4-methoxyphenyl) (3,4,5-trimethoxyphenyl) methanone; TNF-α, tumor necrosis factor-α; ROS, reactive oxygen species.
Material and methods
(4-Methoxyphenyl)(3,4,5-trimethoxyphenyl)methanone (PHT) synthesis. The preparation of PHT was performed as previously described (Alvarez et al., 2009; Barbosa et al., 2009; Magalhães et al., 2011a) . The reaction was carried out in a one-neck, 250 ml round-bottomed flask fitted with a condenser with drying tube. Anhydrous dichloromethane (20 ml), 3,4,5-trimethoxybenzoic acid (1.4 g, 6.6 mmol), and thionyl chloride (1.57 g, 13.2 mmol) were added to the flask. The mixture was refluxed for 4 h and, after cooling to room temperature, the solvent was removed with a rotary evaporator. Dichloromethane (25 ml) was added to the flask and cooled to 0°C. With good stirring, anhydrous aluminum chloride (0.44 g, 3.3 mmol) and anisole (0.72 g, 6.6 mmol) were slowly added into the reaction vessel during 10 min. After the addition, the reaction mixture was stirred at room temperature for 30 min and then ice-cold hydrochloric acid (20 ml) was poured into the flask. The product was extracted with dichloromethane and washed with cold sodium bicarbonate solution and water. The organic layer was dried with MgSO 4 and, after filtration; the solvent was removed using a rotary evaporator. The residue was purified by flash chromatography using an eluent of 5:1 hexane:ethyl acetate. A colorless crystalline solid was obtained. ES/MS: 303.2026 [M + 1], yield = 80%, m.p. = 67-68°C.
Cell lines and cell culture. The cytotoxicity of PHT was tested against HL-60 (human leukemia), B-16 (murine melanoma), B-16-F10 (murine melanoma), CEM (human leukemia), K-562 (human leukemia), Jurkat (human leukemia), MDA-MB-231 (human breast carcinoma), MX-1 (human breast carcinoma), and PC-3 (human prostate carcinoma) cancer cell lines, all of them donated by the National Cancer Institute, Bethesda, MD, USA. Cells were grown in RPMI-1640 medium supplemented with 10% fetal bovine serum, 2 mM glutamine, 100 μg/ml streptomycin, and 100 U/ml penicillin, and incubated at 37°C in a 5% CO 2 atmosphere.
MTT assay. Tumor cell growth was determined by the ability of living cells to reduce the yellow dye 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT, Sigma Chemical Co. St Louis, MO, USA) to a purple formazan product (Mosmann, 1983) . For all experiments, 100 μl of cells was seeded in 96-well plates (0.7 × 10 5 cells/ml for adherent cells or 0.3 × 10 6 cells/ml for suspended cells). After 24 h, PHT (0.009-5 μg/ml) was added to each well (using the HTS -high-throughput screening -Biomek 3000; Beckman Coulter Inc., Fullerton, CA, USA) and the cells were incubated for 72 h. Doxorubicin (Sigma Chemical Co. St Louis, MO, USA) was used as the positive control. At the end of incubation, the plates were centrifuged and the medium was replaced by fresh medium (150 μl) containing 0.5 mg/ml MTT. Three hours later, the formazan product was dissolved in 150 μl DMSO and the absorbance was measured using a multiplate reader (DTX 880 Multimode Detector, Beckman Coulter Inc., Fullerton, CA, USA). The drug effect was expressed as the percentage of control absorbance of reduced dye at 595 nm.
Cell viability curve. Cell viability was determined by the trypan blue dye exclusion test. HL-60 cells were seeded (0.3 × 10 6 cells/ml) in the absence or presence of different concentrations of PHT (0.25, 0.5, 1.0, 2.0, and 4.0 μM). After each incubation period (3, 6, 12, 18 , and 24 h), a growth curve was established. Cells that excluded trypan blue were counted using a Neubauer chamber (LO, Laboroptik GmbH, Bad Homburg, Hessen, Germany).
The following experiments were performed in order to elucidate the mechanisms involved in PHT cytotoxic action on HL-60 cells after 24 h incubation. The trypan blue exclusion test was also performed before each experiment described below to assess cell viability. Negative control was treated with the vehicle (0.1% DMSO) used for diluting the tested substance. Doxorubicin (0.5 μM) was used as the positive control. Doxorubicin, clinically useful chemotherapeutic agent, was used as the positive control due its high cytotoxicity and wide use to induce apoptosis with high reproducibility of the results.
BrdU incorporation assay.
Twenty microliters of 5-bromo-20-deoxyuridine (BrdU, 10 mM) was added to each well and incubated for 3 h at 37°C before completing the 24 h period of drug exposure. To access the amount of BrdU incorporated into DNA, cells were harvested, transferred to cytospin slides (Shandon Southern Products Ltd., Sewickley Pennsylvania, USA), and allowed to dry for 2 h at room temperature. Cells that had incorporated BrdU were labeled by direct peroxidase immunocytochemistry using the chromogen diaminobenzidine. Slides were counterstained with hematoxylin, mounted, and coverslipped. Evaluation of BrdU-positivity was made by light microscopy (Olympus, Tokyo, Japan). Two hundred cells were counted per sample to determine the percentage of positive cells.
Morphological analysis with hematoxylin-eosin staining. Untreated or PHT-treated HL-60 cells were examined for morphological changes by light microscopy. To evaluate nuclear morphology, cells from cultures were harvested, transferred to cytospin slides, fixed with methanol for 30 s, and stained with hematoxylin-eosin.
Cell membrane integrity.
The cell membrane integrity was evaluated by the exclusion of propidium iodide (2 μg/ml, Sigma Chemical Co. St Louis, MO, USA). Cell fluorescence was determined by flow cytometry in a Guava EasyCyte Mini System cytometer using the CytoSoft 4.1 software (Guava Technologies, Hayward, California, USA). Five thousand events were evaluated per experiment and cellular debris was omitted from the analysis.
Cell cycle distribution and internucleosomal DNA fragmentation analysis. The cells were harvested in a lysis solution containing 0.1% citrate, 0.1% Triton X-100, and 50 μg/ml propidium iodide (Nicoletti et al., 1991) . Cell fluorescence was determined by flow cytometry as described above.
Measurement of mitochondrial transmembrane potential.
Mitochondrial transmembrane potential was determined by the retention of the dye rhodamine 123 (Gorman et al., 1997; Sureda et al., 1997) . Cells were washed with PBS, incubated with rhodamine 123 (5 μg/ml, Sigma Chemical Co. St Louis, MO, USA) at 37°C for 15 min in the dark, and washed twice. The cells were then incubated again in PBS at 37°C for 30 min in the dark and fluorescence was then measured by flow cytometry as described above.
Annexin assay. Phosphatidylserine externalization was analyzed by flow cytometry (Vermes et al., 1995) . A Guava® Nexin Assay Kit (Guava Technologies, Hayward, CA) was used to determine apoptotic cells (early apoptotic +late apoptotic). Cells were washed twice with cold PBS and then re-suspended in 135 μl of PBS with 5 μl of 7-amino-actinomycin D (7-AAD) and 10 μl of Annexin V-PE. The cells were gently vortexed and incubated for 20 min at room temperature (20-25°C) in the dark. Afterwards, the cells were analyzed by flow cytometry as described above. Caspase 3/7 and 8 activation.
Caspase 3/7 and 8 activity was analyzed by flow cytometry using the Guava® EasyCyte Caspase 3/7 and 8 Kits (Guava Technologies, Hayward, CA). The cells were incubated with Fluorescent Labeled Inhibitor of Caspases (FLICATM) and maintained for 1 h at 37°C in a CO 2 incubator. After incubation, 80 μl of wash buffer was added and the cells were centrifuged at 2000 rpm for 5 min. The resulting pellet was resuspended in 200 μl of wash buffer and centrifuged again. The cells were then re-suspended in the working solution (propidium iodide and wash buffer) and analyzed immediately using flow cytometry as described above.
Alkaline comet assay. The alkaline (pH > 13) version of the comet assay (single cell gel electrophoresis) was performed as described by Singh et al. (1988) with minor modifications (Hartmann and Speit, 1997) . Slides were prepared in duplicate, and 100 cells were screened per sample (50 cells from each duplicate slide), using a fluorescence microscope (Zeiss) equipped with a 515-560 nm excitation filter, a 590 nm barrier filter, and a 40 × objective. Cells were scored visually according to tail length into five classes: (1) class 0: undamaged, without a tail; (2) class 1: with a tail shorter than the diameter of the head (nucleus); (3) class 2: with a tail length 1-2 × the diameter of the head; (4) class 3: with a tail longer than 2 × the diameter of the head; and (5) class 4: comets with no heads. A value of damage index (DI) was assigned to each comet according to its class, using the formula: DI = (0 × n 0 ) + (1 × n 1 ) + (2 × n 2 ) + (3 × n 3 ) + (4 × n 4 ), where n = number of cells in each class analyzed. The damage index ranged from 0 (completely undamaged: 100 cells × 0) to 400 (with maxi-mum damage: 100 cells × 4). DI is based on migration length and on the amount of DNA in the tail, and it is considered a sensitive DNA measure (Speit and Hartmann, 1999) .
Tubulin polymerization assay. With 96-well microplates sitting on ice, 25 μl of buffer A (80 mM PIPES, pH 6.8, 1 mM MgCl 2 , 1 mM EGTA, and 10% glycerol) was added to the wells, followed by 15 μl of 10 mg/ml bovine brain tubulin (>99% pure, TL238 Cytoskeleton, Inc. Denver, CO) in buffer A containing 10% glycerol and 5 μl of 10 mM GTP. The absorbance at 340 nm was followed at 37°C over time.
Molecular modeling. The docking of PHT into tubulin was performed using the version 4.0 of Autodock (Morris et al., 1998 ). The molecular model composed of tubulin monomers was previously published by Ravelli et al. (2004) , based on crystallographic studies. The graphical interface AutoDockTools (Sanner et al., 1999) was also used to check molecular models, adding polar hydrogens (Kollman) and partial charges (Gasteiger), as well as to produce the appropriate parameter files and to analyze the results. Furthermore, the Å interface-associated programs were utilized to assign atomic solvation parameters for the protein and flexible torsions for the ligand. Autogrid (part of the Autodock package) allowed the construction of affinity grid fields, previously to the docking procedure.
Among the searching methods available in the package, we used the genetic algorithm and local search combined option. A whole tubulin dimer (α and β units) was considered in an earlier step (blind docking) for the affinity grid calculations, the grid field being divided into two sequential components, each one inside a 31.4 Å side cube, with grid points separated by 0.658 Å. For this step, the number of energy evaluations and docking runs were set to 2,500,000 and 10, respectively. All the other parameters were conserved as default. In a second step, the grid field was focused according to the docked molecule location obtained in the first step. This time, the grid cube allowed more precise measurements, with the grid points separated by 0.542 Å, centered on the best scored conformation observed in the first step. Accordingly, in the second step, the number of energy evaluations and docking runs were set to 25,000,000 and 50, respectively. Protein structure was considered rigid in all experiments. PHT structure was made flexible, with 6 rotatable bonds. At the end of the second step, we further investigated the region around the best docked conformation, within 5 Å and also within 3 Å of interaction distance, in order to find the closer residues. In a separated set of experiments, the protocol included a third step, designed to account for protein flexibility. This time, the lateral chains of residues situated within a 3 Å radius sphere, centered at the best scored conformation of PHT (interaction distance) obtained in step two, were also considered flexible.
The docking study was followed by an energy interaction investigation, using first principles, performed over the binding site. All amino acid residues situated within the 5 Å interaction distance, as well as PHT, were previously selected for the calculations. All atom coordinates in this region, except those of hydrogen, were kept frozen during the initialization stage. An optimization procedure, based on Molecular Mechanics, using Universal Force Field (UFF), was then applied to the hydrogen atoms only. For the Quantum Mechanical based simulations, we used Density Functional Theory, Local Density Approximation for the exchange-correlation functional, and a double numerical plus polarization basis set, using the software DMOL3 (Delley, 1990 (Delley, , 2000 . The energy interactions between individual residues and RR07 were calculated according to the Molecular Fractionation Conjugate Caps (MFCC) formalism (Zhang and Zhang, 2003) .
Statistical analysis. Data are presented as mean ± S.E.M. The IC 50 values were obtained by non-linear regression using the GRAPHPAD program (Intuitive Software for Science, San Diego, CA). Differences among experimental groups were compared by one-way analysis of variance (ANOVA) followed by Dunnett's test (p b 0.05).
Results

PHT displayed cytotoxicity against different tumor cell lines
Several tumor cell lines were treated with increasing concentrations of PHT for 72 h and analyzed by the MTT assay. PHT displayed cytotoxicity in all tumor cell lines, showing IC 50 values in the nanomolar range. Table 1 shows the obtained IC 50 values. Some IC 50 values previously published by us were also included. Doxorubicin was used as the positive control. Since HL-60 cells were especially sensitive to the antiproliferative effect of PHT, further studies were performed with this cell line. A cell viability curve was determined by trypan blue dye exclusion method after 3, 6, 12, 18, and 24 h incubation. PHT reduced the cell number in a concentration-and time-dependent manner ( Fig. 2A) . Compared to the control, a decrease in the number of cells was observed within the first 12 h of incubation at all tested concentrations (p b 0.05). In order to get additional understanding of the antiproliferative effect of PHT, experiments were conducted after 24 h incubation, at concentrations that ranged from 0.25 to 5.0 μM.
As observed using trypan blue dye exclusion (Fig. 2B) , BrdU incorporation (Fig. 2C) , and propidium iodide exclusion (Fig. 2D) , PHT reduced the cell number, after 24 h incubation, at all tested concentrations (p b 0.05). In cell viability assay determined by trypan blue dye exclusion method, PHT reduced the number of viable cells by 30%, 37%, and 44% at the concentrations of 0.25, 0.5, and 1.0 μM, respectively. When the cell viability was determined by flow cytometry using propidium iodide, the inhibitions were 64%, 66%, and 67% at the same concentrations. In cell proliferation assay determined by incorporation of the nucleotide BrdU, the inhibitions were 59%, 80%, and 86% at the same concentrations.
PHT treatment induces cell cycle arrest in HL-60 human leukemia cells
To further investigate the mechanisms involved in the cytotoxic activity, the effect of PHT was evaluated on the cell cycle progression using flow cytometry. Table 2 shows the obtained cell cycle distribution. PHT treatment, at all concentrations, resulted in a significantly increase in the number of cells in G 2 /M phase compared to the negative control (p b 0.05). On control, the percentage of cells corresponding to G 0 /G 1 phases was 33%, to S phase was 57%, and to G 2 /M phases was 10%. Cells with internucleosomal DNA fragmentation (sub-G 1 ) corresponded to 6%. For PHT-treated cells the percentage of cells corresponding to G 2 /M was 57%, 52%, and 51% at concentrations of 0.25, 0.5, and 1.0 μM, respectively. Besides the increasing of cells in G 2 /M, a decreasing of cells in G 0 /G 1 and an increasing in the internucleosomal DNA fragmentation were also observed (p b 0.05, Fig. 4B ). Herein, doxorubicin led preferentially cancer cells from G 2 /M phases to DNA fragmentation. Doxorubicin also can induce G 2 /M arrest, which depends on the drug concentration, time of exposure and cell line used.
Additionally, morphological changes were investigated using hematoxylin-eosin staining. PHT caused an increase in the mitotic figures in metaphase stage (Figs. 3E and F) . These results support that there is a mitotic arrest associated with PHT treatment.
PHT treatment induces apoptosis in HL-60 human leukemia cells
In addition to increase in the mitotic figures, morphological examination of HL-60 cells showed severe drug-mediated changes (Fig. 3) . morphology consistent with apoptosis, including reduction in cell volume, chromatin condensation, and fragmentation of the nuclei. Doxorubicin also induced cell shrinkage, chromatin condensation, and nuclear fragmentation, morphology consistent with apoptosis. The cell membrane integrity serves as a parameter of the viability of treated and untreated HL-60 cells. After 24 h of exposure, PHT did not disrupt membrane at any tested concentration (p > 0.05, Fig. 4A ). As cited above, DNA fragmentation markedly increased in PHT-treated cells and was present in more than 60% of treated cells (p b 0.05, Fig. 4B ). Both of these modifications were compatible with apoptotic cells. In addition, the alkaline comet assay was used to evaluate induction of DNA damage (single-strand and double-strand breaks). Fig. 4C shows the effect of PHT on the damage index, as measured by effects on DNA. At 2.0 and 4.0 μM, PHT clearly produced a significant increase in damage index as compared to the control groups (p b 0.05). Phosphatidylserine externalization of PHT-treated cells was also measured by flow cytometry using annexin assay. Since externalization of phosphatidylserine occurs in the earlier stages of apoptosis, annexin V staining can identify apoptosis at an earlier stage than assays based on nuclear changes such as DNA fragmentation. In addition, propidium iodide and annexin V staining are widely used assays to detect apoptotic and necrotic cells. PHT treatment induced an increase of the percentage of apoptotic cells (p b 0.05, Fig. 4D ). Doxorubicin, used as the positive control, also induced phosphatidylserine exposure and DNA fragmentation without affecting membrane integrity.
To determine whether PHT-treated cells were truly undergoing an apoptotic death, mitochondrial transmembrane potential and caspase 3/7 and 8 activation were measured by flow cytometry. PHT induced mitochondrial depolarization in HL-60 cells, as measured by incorporation of rhodamine-123, suggesting intrinsic mitochondrial-dependent apoptosis cell death. The mitochondrial depolarization occurred at all tested concentrations (p b 0.05, Fig. 5A ). Additionally, caspase 3/7 and 8 activation was increased in PHT-treated cells (p b 0.05,
Figs
. 5B and C). The increase of the caspase 3/7 and 8 activation also suggests extrinsic apoptosis pathway.
PHT treatment caused inhibitory effect on tubulin polymerization
To insight into the mechanism of action of PHT, we examined its effect on the polymerization of pure tubulin into microtubules in vitro. Purified brain tubulin (3 mg/ml) was pre-incubated with DMSO, nocodazole or PHT on ice, and the temperature was raised to 37°C. Microtubules polymerized spontaneously in the presence of DMSO, whereas nocodazole (10 μM), a known inhibitor of tubulin polymerization, completely blocked their assembly. PHT (10 μM) also inhibited the assembly of microtubules (Fig. 6) . The inhibition percentages were 33% and 42%, respectively.
To better understand the interaction between tubulin and PHT, molecular docking was performed by simulation of PHT into the colchicine binding site in tubulin. The binding model of PHT and tubulin was depicted in Fig. 7 . Analysis of the clusters formed in the second step of the approach showed PHT docked conformations placed mainly in the region situated close to the interface between β and α subunits, as indicated by the conformation shown in Fig. 7A . Then, we focused our studies in the same place that has been suggested by Ravelli et al. (2004) being the region of tubulin that is preferred by colchicine (Fig. 7B) . The lowest energy conformation found in this case was − 6.90 kcal/mol.
The more flexible docking in the third step produced a still lower binding energy (− 9.17 kcal/mol), indicating a possible role for the lateral chains of the protein residues located around the docked PHT. Future studies are necessary to clarify this point. The best scored conformation obtained after some second step experiments was then investigated for additional information in this site. We first adopted a possible interaction distance of 5 Å, within which there are atoms (at least one) of the following residues (Fig. 7C) . From α unit: ASN101, THR179, and ALA180; from β unit: TYR202, VAL238, THR239, CYS241, LEU242, LEU248, ASN249, ALA250, ASP251, LEU252, ARG253, LYS254, LEU255, ALA256, ASN258, ALA316, ALA317, VAL318, LYS352, ALA354, and ILE378. We later submitted the above system (within interaction distance of 5 Å) to the MFCC formalism, in order to obtain the interaction energies between those residues and PHT. The major interactions (in module), i.e., those with most influence in ligand stability, were between PHT and the following residues (from β unit): LEU248, ALA250, LYS254, and LEU255, with values for interaction energy of −53.00, −22.00, −26.00, and −32.00 kcal/mol, respectively. The main contributors to PHT stability in the binding site were emphasized in Fig. 7D . The residues LEU β 248, ALA β 250, and LEU β 255 have strong hydrophobic interactions with the ligand, while LYS β 254 has an electrostatic interaction between its NH 3 functional group and one of ligand's methoxy groups.
Discussion
The purpose of the current study was to investigate the mechanisms underlying PHT-induced cytotoxicity. Previous works have been reported that PHT displayed high potency in the inhibition of tubulin polymerization and cytotoxicity against several cancer cell lines. In this study, for the first time, a serial protocol was performed in PHT-treated HL-60 human leukemia cells to characterize its effects on cell proliferation, cell cycle progress, and apoptosis induction. Studies in purified tubulin and molecular docking were performed to confirm the interference of PHT in the polymerization of microtubules.
PHT displayed cytotoxicity in several of tumor cell lines, showing IC 50 values in the nanomolar range. The inhibitory effect of PHT on tumor cell proliferation was determined by colorimetric method using MTT assay, trypan blue dye exclusion method, detection of incorporation of the nucleotide BrdU through immunocytochemistry, and flow cytometry using propidium iodide exclusion. PHT affected the cell proliferation in a concentration-and time-dependent manner. These data have been reported previously by different research groups (Alvarez et al., 2009; Cushman et al., 1992; Liou et al., 2002; Magalhães et al., 2011a) . In all studies its high cytotoxicity against tumor cell line (nanomolar range) has been one of its highlights. In the preclinical anticancer drug-screening program, the lead compounds that show IC 50 values below 1 μM are considered promising (Bezerra et al., 2008; Costa-Lotufo et al., 2004; Pessoa et al., 2000) . Therefore, PHT can be considered a very potent cytotoxic compound. In addition, its cytotoxicity against normal lymphocyte (PBMC) was less pronounced (IC 50 = 5.68 μM) (Magalhães et al., 2011b) . The Selectivity Index (SI, where SI = IC 50 [PBMC] / IC 50 ) for HL-60 human leukemia cells was 44 and 59 for PHT and doxorubicin, respectively.
The effect of PHT on cell proliferation was cell cycle specific. Cell cycle arrest in G 2 /M phases was found in PHT-treated cells. In addition, the cells also displayed morphological features that identified a mitotic arrest, specifically in metaphase. The ability of PHT to arrest cancer cells in G 2 /M phases is consistent with cytotoxic agents that act by binding to tubulin. The compounds that damage mitotic spindles inhibit the tumor cell proliferation and block cells at metaphase phase (Cocca et al., 2009; Prinz et al., 2003 Prinz et al., , 2011 Rycker et al., 2009; Schneider et al., 2003) . The hypothesis that arrest of the cell cycle at mitosis is following by apoptosis has been largely accepted. Moreover, several tubulin-binding agents kill cancer cells primarily by apoptosis. Further, the mechanism of apoptotic cell death was also investigated in PHT-treated cells.
Apoptosis plays an important role in a variety of biological events, including development and removal of unwanted harmful cells. Apoptosis is a largely regulated form of cell death and its deregulation results in several pathological conditions including cancer, autoimmune, and neurodegenerative diseases. Therefore, induction of apoptosis is an important target for cancer therapy (Fesik, 2005 ; Ghobrial et al., 2005; Ola et al., 2011) . Changes typical for apoptosis including reduction in cell volume, chromatin condensation, phosphatidylserine exposure, internucleosomal DNA fragmentation without affecting membrane integrity, caspase 3/7 and 8 activation, and loss of mitochondrial membrane potential were observed in PHT-treated cells. Apoptotic cell death is independent or dependent on a family of aspartate specific cysteine proteases (caspases) that cleave certain vital structural proteins (e.g., lamins, gelsolin) and proteolytically activate latent enzymes (e.g., nucleases) that contribute to cell death. In mammals, caspase-dependent apoptosis occurs through two main interconnected pathways: intrinsic and extrinsic (Cande et al., 2002; Comelli et al., 2009; Ola et al., 2011) . The extrinsic pathway is initiated by death receptors (e.g., FAS and tumor necrosis factor-α [TNF-α]) on the cell surface. Interaction of a death receptor with its ligand triggers the formation of a death-inducing signaling complex, which in turn recruits procaspase 8. Pro-caspase 8 undergoes autoproteolytic cleavage, forming active caspase 8, an initiator caspase of the extrinsic pathway (Lavrik et al., 2005; Ola et al., 2011) . In the present study, we found that an increase of the caspase 8 activation in PHT-treated cells suggests that extrinsic pathway is involved. The intrinsic pathway is initiated with loss of membrane potential in mitochondria and then the release of cytochrome c from the mitochondria into the cytosol and binding to the adaptor protein Apaf-1 following activation of caspase 9, an initiator caspase of the intrinsic pathway. In both pathways, the activated initiator caspase leads to their own autoactivation which further activates the caspase 3 and caspase 7, effector caspases (Brenner and Kroemer, 2000; Ola et al., 2011; Saelens et al., 2004) . The loss of mitochondrial membrane potential observed after PHT treatment exhibits the involvement of intrinsic pathway in PHTinduced cell death. Furthermore, increase of the caspase 3/7 activation was also observed in PHT-treated cells. These dates show that both the extrinsic signaling pathway and the intrinsic signaling pathway would appear to contribute to PHT-induced apoptosis.
Anyway, apoptosis is not the only mechanism of tubulin inhibitorinduced cell death. Several studies have described a form of cell death called mitotic catastrophe. Mitotic catastrophe is an event in which a cell is destroyed during mitosis. It occurs because of an attempt at aberrant chromosome segregation in mitosis or as a result of DNA damage (Castedo et al., 2004; Mollinedo and Gajate, 2003) . It has been reported that tubulin-binding agents induce cell death through a mitotic catastrophe (Kanthou et al., 2004; Nabha et al., 2002) . Interestingly, Magalhães et al. (2011b) showed that PHT also is able to induce an accumulation of metaphase cells on cultured lymphocytes. Moreover, a considerable increase in the frequency of chromosome aberrations was found in cells exposed to PHT. This genotoxic effect can be important as an alternative strategy for PHT to induce cancer cell death.
Studies with CA-4 analogs have been shown similar results. Nabha et al. (2000) demonstrated that CA-4 may induce G 2 /M arrest, mitotic catastrophe, and apoptotic cell death in a panel of malignant human B-lymphoid cell lines. Petit et al. (2008) showed that combretastatin-A4-phosphate (CA-4P) inhibits leukemic cell proliferation in vitro and induces mitotic arrest and cell death. Treatment of leukemia cells with CA-4P leads to disruption of mitochondrial membrane potential, release of proapoptotic mitochondrial membrane proteins, and DNA fragmentation, resulting in cell death through a caspase-dependent manner. Moreover, CA-4P increases intracellular reactive oxygen species (ROS) suggesting that ROS accumulation contributes to CA4P-induced cytotoxicity.
As previously cited tubulin targeting drugs typically bind to one of three sites on tubulin: the taxane, the vinca or the colchicine sites (Buey et al., 2005; Dumontet and Jordan, 2010; Jordan and Kamath, 2007; Lobert et al., 1999) . Phenstatins are able to bind to the colchicine site (Pettit et al., 1998) . In fact, some studies have been proposed that PHT inhibits tubulin polymerization through binding to the colchicine site. Barbosa et al. (2009), using [ 3 H] colchicine binding assay, showed that PHT is able to inhibit the colchicine binding in 78% at the concentration of 5 μM; the same concentration of CA-4 inhibits 99%. In addition, both, PHT and CA-4, are able to inhibit tubulin polymerization in micromolar range, the estimated IC 50 value was 7.4 and 2.0 μM for PHT and CA-4, respectively (Alvarez et al., 2009; Barbosa et al., 2009; Cushman et al., 1992) . Herein, using isolated tubulin, we confirmed that PHT is a tubulin inhibitor.
Molecular dock was performed to confirm the binding of PHT to the colchicine site. Docking approaches have been contributed to the development of models able to explain the structure-activity relationships of numerous types of tubulin inhibitors (Botta et al., 2009 ). In our docking models, the similarity of the present findings can be seen by superposing our coordinates to the colchicine-docked conformation from a previous study produced by Ravelli et al. (2004) . We identified that the residues LEU β 248, ALA β 250, and LEU β 255 have strong hydrophobic interactions with the ligand, while LYS β 254 has an electrostatic interaction between its NH 3 functional group and one of ligand's methoxy groups. For colchicine, the residues SER α 178, THR α 179, VAL α 181, CYS β 241, and LYS β 352 are involved, while the residues THR α 179, VAL α 181, and CYS β 241 are involved for CA-4 (Bellina et al., 2006; Kong et al., 2005; Nguyen et al., 2005; Rappl et al., 2006) . Alvarez et al. (2009) also had docked PHT in a combined podophyllotoxin-colchicine site. They concluded that 3-X-4-methoxyphenyl rings superimpose onto the methylenedioxyphenyl ring of podophyllotoxin. Moreover, the prediction that the carbonyl oxygen of phenstatins can act as a hydrogen bond acceptor pharmacophoric point additional to those found in combretastatins was confirmed. In summary, our data presents that PHT-induced cytotoxicity is based on its ability to bind to colchicine site on tubulin (Fig. 8) . As a consequence, PHT inhibits tubulin polymerization, arrests cancer cells in OD (340nm) Fig. 6 . Effect of (4-methoxyphenyl)(3,4,5-trimethoxyphenyl)methanone (PHT) on microtubule polymerization. Microtubule polymerization was carried out with 3 mg/ml tubulin in 10 μM PHT. Negative control (NC) was treated with the vehicle (DMSO) used for diluting the tested substance. Nocodazole (10 μM) was used as the positive control (PC).
G 2 /M phase of the cell cycle, and induces caspase-dependent apoptosis in human leukemia cell, exhibiting promising anticancer therapeutic potential.
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